A detailed understanding of the carrier dynamics and emission characteristics of organic-inorganic lead halide perovskites is critical for their optoelectronic and energy harvesting applications. In this work, we reveal the impact of the crystal lattice disorder on the photo-generated electron-hole pairs through low-temperature photoluminescence measurements. We provide strong evidence that the intrinsic disorder forms a sub-bandgap tail density of states, which determines the emission properties at low temperature. The PL spectra indicate that the disorder evolves with increasing temperature, changing its character from static to dynamic. This change is accompanied by a rapid drop of the PL efficiency, originating from the increased mobility of excitons/polarons, which enables them to reach deep non-radiative recombination centers more easily.
INTRODUCTION
Organic-inorganic perovskites have emerged as an extremely promising class of materials for energy harvesting applications. Perovskite based solar cells recently exceeded 20% power conversion efficiency, 1,2 with an unprecedented fivefold increase in less than 10 years. 3 This has led to a renewed interest in understanding their basic physical properties, which are responsible for the outstanding performance of these optoelectronic devices. The combination of a large optical absorption coefficient, long carrier lifetime and diffusion length in these materials, [4] [5] [6] along with the simple and cheap fabrication with a minimal energetic footprint, makes organic-inorganic perovskites ideal candidates for both photovoltaic and light emitting applications.
7,8
In organic-inorganic perovskites, the methylammonium (CH 3 NH 3 + , MA) or formami-below the band edge. We find that the PL points to an evolution of the trapping state population with increasing temperature. Our results demonstrate a change in the character of the disorder from static to dynamic with increasing temperature. This is accompanied by a rapid drop of the PL intensity. In light of this, we discuss the fundamental impact of the below band gap states on the recombination process and their potential nature.
METHODS
Cover slips were cleaned by sonication in acetone and isopropyl alcohol for 30 min, then the substrates were further cleaned with an oxygen plasma treatment for 10 min. The Synthesis and deposition of perovskite solutions were performed inside a nitrogen glove box under controlled moisture (5ppm) and oxygen conditions (0.5ppm).
For optical spectroscopy, the samples were mounted in an exchange gas helium cryostat.
Optical access to the samples was provided through a quartz window. The PL measurements were performed in backscattering configuration. The sample was excited by a pulsed laser tuned to 540 nm, with a pulse duration of 300 fs. The excitation beam was focused on the sample by a lens having a focal length of 20 cm. The same lens was used to collect the PL signal, which was analyzed using a 50 cm focal length spectrometer equipped with a 600 grooves/mm grating and detected using liquid nitrogen cooled Si CCD camera. The transmission measurements were performed in the same setup, using the white light generated by a halogen lamp as broadband light source. The signal for time resolved PL measurements was dispersed by a 30 cm focal length monochromator with 300 grooves/mm grating, and detected using a streak camera. Figure 1 shows representative PL spectra measured at T = 1.5 K at different excitation powers, together with a transmission spectrum measured at the same position of the sample.
RESULTS & DISCUSSION
The PL has a characteristic shape with a relatively sharp cut off on high energy side, and a long exponential tail on the low energy side, as shown more clearly in the semilogarithmic plot of the inset of Fig. 1 . The PL peak is red shifted from the dip in the transmission spectrum, which corresponds to the free exciton (FX) absorption. [39] [40] [41] [42] The magnitude of this red shift depends on the excitation power, and gradually decreases with increasing power, while the PL line shape is unaffected. This behavior is characteristic of PL associated with an exponential tail of density of states, as reported for inorganic semiconductors. [43] [44] [45] [46] In semiconductors, the carrier/exciton relaxation rates are generally much higher than the recombination rates, so the photo-created excitons thermalize (that is, are trapped to form localized excitons) before radiative recombination. In contrast, the absorption probes the joint density of states, and therefore its resonance corresponds to the free exciton ( the PL decay as function of energy (see Fig. 2(c) ). The streak image very nicely illustrates the process of carrier relaxation through the population of the localized states. Immediately after excitation, the PL peak is situated only a few meV below the energy of the free exciton, determined from the transmission spectrum (see Fig. 2(a,b) ), and after red shifts continuously with time. The probability of free excitons being captured by trapping states with a given energy is proportional to the density of states. Therefore, just after excitation the PL spectrum reflects the shape of the tail of density states, and the PL peak is close to the free exciton energy (Fig. 2 (b) ). The later redshift of the PL maximum is induced by the thermalization of excitons to unoccupied, deeper states, i.e., driven by the tendency of the exciton population to reach thermal equilibrium with the lattice. Excitons trapped on shallow states act as a reservoir, which progressively populates the deeper states leading to a marked asymmetry of the PL decay time. It is important to note that the PL originating from donor-acceptor recombination can posses very similar characteristic features, 50 i.e. strong
Stokes shift dependence as a function of the excitation power and PL decay time asymmetry.
However, we think that the strong dependence of the decay time at a given energy of detection on the excitation power (see Supporting Information) clearly points to the transfer process between localized states. Therefore, the application of the tail density of states picture is more accurate than the donor-acceptor model.
Importantly, our time resolved measurements performed at T = 1.5 K do not reveal any signature of hot photoluminescence previously reported at room temperatures. This indicates that the organic cation motion is frozen, which reduces the dynamic carrier screening. 26 Therefore, LO phonon scattering can efficiently cool the photo-induced carriers down, in a similar fashion to III-V semiconductors.
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Our PL data can be qualitatively explained using a hopping model previously employed for inorganic disordered semiconductors. 44, [55] [56] [57] [58] [59] [60] [61] The schematic of the model is presented in than the intensity and the time scales of nonradiative recombination (∼1-100 ns) are much slower than hopping and trapping processes (∼1-100 ps). A trapped exciton can either recombine radiatively, hop to another localized state or eventually be activated to a free exciton state (mobility edge which provides the zero reference for energy in the model). The dynamics of excitons (PL) are determined by the rates of the competing processes. The hopping rate is described by the Miller-Abrahams formula:
Here, v ij is the hopping rate between states i and j with energy E i and E j , v 0 is an attempt rate, α is the decay length of the exciton wave function and T indicates the temperature. The rate of exciton activation to the mobility edge (free exciton) is
and the radiative recombination rate is simply the inverse of exciton radiative life time
r . The simulation of exciton dynamics is performed on a randomly generated set of trapping sites (within a cubic volume of size L 3 with periodic boundary conditions) with uniform position distribution and exponential energy distribution with a density of states
where E 0 is the average localizing energy and N is the number of traps in a cube of size
The details of the approach used for the simulations can be found in the Supporting Information and in previous works. 63, 64 The carrier dynamics predicted by the model and the PL spectrum are determined by the dimensionless parameters τ r v 0 , and
, which can be treated as an effective density of states, and E 0 . The average energy of localization can be estimated from the observed PL spectral broadening, which depends weakly on other parameters. 65, 66 At very low temperature (k B T E 0 ), the full width half maximum (FWHM) of PL spectrum is FWHM ∼ 2.5E 0 . In our case, this leads to E 0 ≈ 14 meV. We note that this value matches quite closely the experimentally measured values for the Urbach energy in related systems. 67, 68 The other parameters used in the simulation are τ r v 0 = 2 × 10 4 and
= 0.088 (see Supporting Information for more details). The PL intensity is assumed to be proportional to the number of occupied states at that energy at any given time.
The simulated PL spectra are presented in Fig. 3(c) . For the chosen parameters, the shape of the simulated PL (solid lines) reproduces very nicely the measured PL spectra (symbols). The power-dependent shift of the PL peak as well as their temporal characteristics, such as decay time dispersion (green circle) and PL peak shift with time (inset), are Above T = 20 K a second feature appears at lower energies in the PL spectrum, while the main PL peak rapidly blue shifts (faster than the free exciton, determined via transmission measurements), which reduces the Stokes shift (see Fig. 4(b) ). Initially, the additional feature appears as a shoulder increasing the FWHM before two clearly separated peaks can be observed above 30 K (see Fig. 4(a,c) ). The Stokes shift is ∼ 38 meV at 1.5 K, and it decreases to around 15 meV at 40 − 50 K (see Fig. 4(c) ). In this so called "S-shape" behavior, 44, [72] [73] [74] [75] the initial red shift of PL peak is usually understood as a redistribution (optimization) Based on the estimated value of E 0 = 14 meV from the low temperature (1.5 K) measurements, the onset of the blue shift (decrease of PL Stokes shift) should start at around 90 K, which is a factor of three larger than the observed onset temperature of ∼ 30 K. In fact, such a significant blue shift between 25 K and 50 K is difficult to explain only based on carrier redistribution or activation to free states. This suggests that an additional mechanism is at work, which we attribute to microstructural evolution of the perovskite crystal with a transition from static disorder to dynamic disorder. or FAPbI 3 , one would expect that the organic cations are all aligned in the same direction, because of the constraints imposed by the PbI 6 backbone. However, molecular dynamic calculations show that, upon cooling, the disordered configuration can also persist, which leads to a local bandgap modification and therefore to the formation of tail density of states.
of ordered orthorhombic phase and vanishing tail density of states. Additionally, the activation of the motion of the organic cations with increasing temperature can also screen the potential of point defects, 69 which effectively can be treated as a reduction of their density.
The evolution of the density of trapping states is not only reflected by a rapid decrease of the Stokes shift, but also by the evolution of the PL line shape (Fig. 4(a) ). The appearance of the second peak around 30 K, which progressively red shifts with increasing temperature, points to the melting of frozen domains from shallow to deeper ones, as schematically illustrated in Fig. 4(d-f) . The temperature evolution of the PL is qualitatively very similar to that of MAPbI 3 . 12 However, the temperature at which the melting of the frozen domain begin is lower in the case of the triple cation perovskite (25 K), as compared to 50 K for The transition from a static disorder at very low temperature to a dynamic disorder at higher temperatures is accompanied by a significant drop of the PL emission intensity (see blue points in Fig. 4(c) ). This can be attributed to the increased mobility of excitons or polarons (large polarons behave like free carriers with an increased effective mass) when the population of trapping states and fluctuations are reduced with the initial increase of temperature (1.5-50 K). It is well known that the PL efficiency and the concentration of nonradiative traps strongly varies from place to place in perovskite thin films. 5 Therefore, we can expect that more mobile excitons/polarons have an enhanced probability to reach nonradiative recombination centers than excitons localized on traps induced by frozen disorder.
A similar impact of the disorder on the PL efficiency has been reported in InGaN alloys.
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CONCLUSIONS
In conclusion, we have systematically investigated the exciton dynamics in TC thin films using PL and transmission measurements. We show that at very low temperatures (T < 
